ABSTRACT The performance of clear delta traps baited with 3.0 mg of pear ester, ethyl (E,Z)-2,4-decadienoate, and 5.0 ml of acetic acid in separate lures was compared with orange delta traps baited with a single lure containing 3.0 mg of both pear ester and the sex pheromone, (E,E)-8,10-dodecadien-1-ol (codlemone) for codling moth, Cydia pomonella (L.), in apple, Malus domestica (Borkhausen). Residual analyses and Þeld tests demonstrated that both the pear ester and acetic acid lures were effective for at least 8 wk. The two trap-lure combinations caught a similar number of total moths in an orchard treated with sex pheromone dispensers during short-term trials in 2008. However, the mean catch of female moths was signiÞcantly higher and male moths signiÞcantly lower in clear traps baited with pear ester and acetic acid versus orange traps baited with pear ester and codlemone. Season-long studies were conducted with these two trap-lure combinations in orchards treated with (n ϭ 6) and without (n ϭ 7) sex pheromone dispensers during 2009. The two trap-lure combinations caught similar numbers of moths in dispenser-treated orchards. In contrast, total catch was signiÞ-cantly higher (Ͼ2-fold) in the orange compared with the clear traps in untreated orchards. The clear caught Ͼ6-fold more females than the orange trap in both types of orchards. These studies suggest that deploying clear delta traps baited with pear ester and acetic acid can be an effective monitoring tool for female codling moth and an alternative to codlemone-baited traps in sex pheromone-treated orchards.
Implementing an effective integrated management program for codling moth, Cydia pomonella (L.) , that combines the use of sex pheromones for mating disruption with judicious use of insecticide sprays in pome fruits and walnuts requires the collection of reliable, season-long data on pest densities (Witzgall et al. 2008) . Prediction of the phenology and estimates of population densities of codling moth based on male moth ßight data has been a widely-used and effective correlative approach (Knight and Croft 1991) . Direct monitoring of females using pear ester, ethyl (E,Z)-2,4-decadienoate, however, can improve both the prediction of the timing of Þrst egg hatch and the risk of fruit injury in sex pheromone-treated orchards (Knight and Light 2005a,b) . Unfortunately, Þeld evaluations of pear ester to monitor codling moth generated variable results. For example, the effectiveness of pear ester varies among crops (walnut Ͼ apple Ͼ pear) and cultivars (Granny Smith Ͼ other apple cultivars) (Light et al. 2001 , Thwaite et al. 2004 , Knight and Light 2005c . In addition, pear ester has not performed similarly in different fruit production areas with regard to either the relative magnitude of moth catch compared with sex pheromone-baited traps or the proportion of moth catch that are females (Ioriatti et al. 2003 , Thwaite et al. 2004 , IlÕõchev 2004 , Trimble and El-Sayed 2005 , Kutinokova et al. 2005 , Mitchell et al. 2008 . Instead of using pear ester alone, many pest managers now use a Combo lure loaded with both (E,E)-8,10-dodecadien-1-ol (codlemone) and pear ester because it typically outperforms standard codlemone lures in sex pheromone-treated orchards and is long lasting (Knight et al. 2005 (Knight et al. , 2010 ). Yet, the proportion of female moths caught with the Combo lure is low in pome fruit orchards (Ͻ10%), and few managers will sex moths or consider the female moth catches in formulating management decisions (Hawkins and Hilton 2008) .
The effectiveness of pear ester in capturing both sexes of codling moth in traps has been improved by the addition to traps of a vial containing glacial acetic acid (Landolt et al. 2007) . In this study, a signiÞcant positive interaction of acetic acid and pear ester was found in three Þeld trials, each using a different type of colored trap; however, the relative attractiveness of these two attractants was not compared with a codlemone lure. Switching from a colored to a clear delta trap signiÞcantly increased both male and female catches in traps baited with pear ester, pear ester plus acetic acid, and the Combo lure (Knight 2010 ). Yet, total moth catches were still signiÞcantly lower in a clear trap baited with pear ester plus acetic acid than in an orange trap baited with the Combo lure. However, these studies were not conducted in orchards treated with sex pheromone. In this work, results are reported from studies that compared moth catches in clear delta traps baited with pear ester plus acetic acid with orange delta traps baited with pear ester plus codlemone in both sex pheromone-treated and untreated orchards. In addition, the residual content and relative attractiveness of the pear ester and acetic acid lures were evaluated.
Materials and Methods
Experimental Design. Delta-shaped traps were used in all Þeld tests. White plastic delta traps used in 2006 Ð 07 were supplied by Tré cé (Adair, OK), and orange plastic delta traps used in 2008 Ð 09 by Suterra LLC (Bend, OR). Delta trap dimensions (length ϫ width ϫ height) were 28 ϫ 20 ϫ 12 cm. Traps had a 20 ϫ 20-cm base and a 3.0-cm ßap at each trap opening. The area of the trapÕs opening was Ϸ65.8 cm 2 at each end. A white sticky liner was inserted over the base of the white and orange traps. Clear delta traps used in 2008 were made from rolls of semirigid UV-stabilized plastic Þlm (0.25 mm thickness; W. J. Dennis, Elgin, IL), and cut and folded to the same dimensions as the commercial traps. Trap liners (18.5 ϫ 19.5 cm) were also made from the same clear plastic and coated with Ϸ10.0 g of Tangle-trap adhesive (The Tanglefoot Co., Grand Rapids, MI). An orange 7.0 ϫ 11.0-cm plastic shield was stapled to the outside top center of the clear trap to provide shading for the lure. A 15-cm piece of 1.4-cm-wide yellow tie strapping (Postal Products Unlimited, Milwaukie, WI) was laced through slits made in both the trap and shield and attached to a U-shaped neon orange plastic clip (4.0 ϫ 5.5 cm) that is used with hand-applied CheckMate pheromone dispensers (Suterra LLC). Clear traps used in 2009 were provided by Suterra LLC and differed somewhat from the previous clear traps: smaller orange shield, 5.3 ϫ 8.7 cm; clear liners were coated with a proprietary dry-touch hot-melt adhesive; and traps were hung with a wire hanger. All traps were attached to a 1.3-m white PVC pipe in which an L-shaped arm was placed over a branch in the canopy and hung Ϸ3 m above the ground (Knight et al. 2006) . Traps were randomized and evenly spaced 15Ð30 m apart in orchards. Moths were removed from traps and sexed with the aid of a microscope in the laboratory. Traps were rotated or rerandomized on each date.
Traps were baited with either one or two types of lures. Gray halobutyl elastomer septa loaded with 3.0 mg of pear ester, Pherocon CM-DA (Tré cé ), or 3.0 mg of pear ester and 3.0 mg of codlemone, Pherocon CM-DA Combo (Tré cé ), was pinned to the inside roof of traps. Acetic acid lures were added to traps baited with pear ester and were made by drilling 3.0-mm holes in the caps of 8.0-ml polyethylene vials (NalgNunc International, Rochester, NY). Each vial was loaded with two small cotton balls and 5.0 ml of glacial acetic acid (Sigma-Aldrich, St. Louis, MO). Vials were situated upright in the center of the sticky liner.
Field Aging of Pear Ester Septa. Studies were conducted to assess both the residual content of pear ester septa and their relative attractiveness as a function of aging. Septa used for residual analysis were pinned to the inside top of white delta traps. On each sampling date (weeks 0, 1Ð 4, and 7 in 2006; weeks 0, 1Ð7, 9, and 10 in 2007), four lures were randomly collected, wrapped in aluminum foil, and stored at Ϫ15ЊC. Chemical compounds in individual septa were extracted with 50 ml of dichloromethane using the methods of Brown and McDonough (1986) . Extracts were analyzed with a Hewlett-Packard 5890 GC equipped with a Rtx-1 column (30 m ϫ 0.25 mm internal diameter; Restek, Bellefonte, PA). The program used an initial setting of 80ЊC, with a ramping cycle of 10ЊC increase per minute, and Þnal temperature of 250ЊC for 10 min. A standard curve for pear ester was generated with sample concentrations from 4.0 to 64.0 g/ml. Methyl myristate was included as an internal standard. Recovery rates exceeded 98% in all samples.
Field trials were conducted in a 2.0-ha mixed block of Red Delicious and Golden Delicious situated near Parker, WA (46Њ61ЈN, 120Њ48ЈW), to assess moth catch in white delta traps baited with either new or Þeld-aged septa. Fifteen and eight replicates of each lure type (new and aged) were tested on each date in 2006 and 2007, respectively. Before the start of each experiment, one set of traps ("aged") with new lures and without sticky liners was placed in an adjacent block of trees to generate 1-wk-old aged lures. These traps were then taken down, randomized with another set of traps baited with new lures ("new"), and placed in an array in the experimental orchard to start each trial. Trials were conducted from 28 June to 5 September 2006 and from 25 April to 20 June 2007. All liners were removed from traps, and moths were counted and sexed each week. Lures were not replaced in aged traps during each experiment, and lures were replaced in new traps each week. All traps were rerandomized within the orchard on each sampling date.
Field Aging of Acetic Acid Vials. The weight loss of plastic vials loaded with acetic acid was measured over 16 wk from 29 April to 19 August 2009. Vials with two cotton balls were Þlled with 5.0 ml of glacial acetic acid and weighed. Individual vials (n ϭ 8) were placed in clear delta traps that were hung in the canopy of two linden trees, Tilia cordata Miller, at the Yakima Agricultural Research Laboratory (Wapato, WA). Vials were reweighed weekly. Mean daily temperatures during the trial period were obtained from Washington State UniversityÕs AgWeatherNetÕs Konnowac Pass station (http://weather.wsu.edu/awn. php), which was located 50 m from the traps.
The attractiveness of aged vials was evaluated in a Þeld trial in a 4.0-ha Delicious apple orchard situated 5 km north of Toppenish, WA (46Њ23ЈN, 120Њ19ЈW).
Before the trial, 25 vials were Þlled with 5.0 ml of acetic acid and weighed on 2 June 2009. Five vials were taped shut and stored at 5ЊC. The remaining 20 vials were placed on trays in a room maintained at 25ЊC. Five vials were weighed, taped shut, and stored every 2 wk through 28 July. A Þeld trial was conducted on 12 August to compare the attractiveness of each group of laboratory-aged vials. Orange delta traps baited with a pear ester septum with and without an acetic acid vial (0, 2, 4, 6, and 8 wk old) were randomly placed in the orchard. Traps were removed 7 d later, and all moths were counted and sexed.
2008 Trial. Field studies were conducted to compare the attractiveness of clear delta traps baited with pear ester plus acetic acid versus orange traps baited with the Combo lure in a 20-yr-old 8.0-ha Delicious orchard situated 10.0 km southwest of Wapato, WA (46.24ЊN, 120.29ЊW). CheckMate CM XL1000 (Suterra LLC) hand-applied dispensers were placed at a rate of 500 dispensers ha Ϫ1 in a 4.0-ha area within the orchard on 26 April. Trials were conducted during four time periods: 13Ð23 June, 23 JulyÐ5 August, 9 Ð19 August, and 19-29 August. Ten replicates of each trap-lure combination were randomly placed in the treated area on each date. New traps and lures were used in each trial, and traps were rerandomized.
2009 Trials. Thirteen apple orchards of mixed cultivars situated in the Yakima Valley near Wapato, Parker, Toppenish, Buena (46.40ЊN, 120.30ЊW), Zillah (46.24ЊN, 120.15ЊW), and Moxee (46.33ЊN, 120.23ЊW) were selected in the spring to evaluate the performance of clear delta traps baited with pear ester plus acetic acid versus orange delta traps baited with the Combo lure over the entire season. Six orchards were treated with sex pheromone dispensers (Isomate, PaciÞc Biocontrol, Vancouver, WA) applied at densities from 500 to 1,000 ha
Ϫ1
, and seven orchards were not treated with mating disruption. Seasonal use of insecticides for codling moth varied widely among orchards ranging from zero to six sprays. One of each trap-lure type was placed near the border of each orchard on 22Ð23 April 2009. Traps were checked and rotated weekly until 2 September. All lures were replaced on 17 June after 8 wk, and 6 wk later on 28 July. Liners were replaced every week. The start of second generation moth ßight was predicted to begin during weeks 9 and 10 (18 JuneÐ2 July) based on the accumulation of 455 DD (above a lower threshold of 10ЊC) from the start of sustained male catch (Knight 2007) . The percentage of fruit injury by codling moth was sampled in each orchard during the week of 14 September. Thirty fruits situated in the upper half of the canopy were randomly selected and inspected from 20 trees situated between the two traps. Weekly total moth catches for each trap-lure combination in sex pheromone-treated orchards were grouped numerically from 1 to 10 and then by groups of 10 and summarized to calculate the proportion of catches within each group with Ն1 and Ն2 female moths.
Statistical Analyses. A log and angular transformation were used to normalize count and proportional data before analysis, respectively (Analytical Software 2003) . Moth catches with new and aged pear ester lures in 2006 and 2007 were analyzed with a two-way analysis of variance (ANOVA) with lure type and week as factors in the model that included the interaction term. Linear regression analysis was used to Þt the residual content of pear ester in Þeld-aged septa to length of time. Multiple regression was used to predict the weekly weight loss of acetic acid vials as a function of mean temperature during the week and the age of the vial. The relative attractiveness of acetic acid vials was compared with a one-way ANOVA. Moth catch data from 2008 were analyzed with a factorial ANOVA using a completely randomized design with date as a replication factor. Moth catch data from 2009 were analyzed separately for sex pheromone-treated and untreated orchards with a factorial ANOVA using date as a replication factor and orchard as a blocking factor. ANOVA was used to compare the proportion of females caught in the two trap-lure combinations. A P value of 0.05 was used to establish signiÞcance in all tests. TukeyÕs method was used to detect signiÞcant pairwise comparisons within signiÞcant ANOVAs.
Results
Field Aging of Pear Ester Septa. The residual content of pear ester in septa (y) Þeld-aged in both 2006 and 2007 Þt a log decay curve with the numbers of days (x) lures were aged in the Þeld: ln(y) ϭ 1.025 Ϫ 0.03x, r 2 ϭ 0.97, P Ͻ 0.0001 (Fig. 1) . Total and female moth catches varied signiÞcantly over both ßight periods in 2006 and 2007 (Table 1) . Mean weekly moth catches ranged from zero to nearly eight moths per trap in both trials, and females comprised Ϸ40% of catch with either lure in both years. Mean total and female catches did not vary between new and aged lures in either study. The interaction of lure type and week for total and female moths was also not signiÞcant in either year. Moth catches were low after 6 wk in both trials with either lure type (Table 1) . Field Aging of Acetic Acid Vials. Weekly weight loss of vials remained fairly consistent for the Þrst 13 wk in the 2009 Þeld test ranging from 290 to 550 mg (Fig. 2) . The mean weight loss of vials per week when aged at 25ЊC for 2Ð 8 wk varied signiÞcantly with 8-wk-old vials losing less weight than 2-wk-old vials. Weight loss of aged vials during the 1-wk Þeld trial also varied signiÞcantly with vials aged 6 and 8 wk losing significantly less weight than the 0-and 2-wk-old vials (Table 2). Orange delta traps baited with new pear ester lures and with acetic acid vials aged from 0 to 8 wk caught similar numbers of male, female, and total moths (Table 2) .
2008 Trial. No signiÞcant difference was found in total moth catch between the clear traps baited with pear ester plus acetic acid and the orange traps baited with the Combo lure across the four 10-to 12-d trial periods (Table 3) . However, the orange trap caught signiÞcantly more males and the clear trap caught signiÞcantly more females. The mean number and proportion of females were 8-and 14-fold higher in the clear than the orange trap, respectively.
2009 Trials. The relative performance of the two trap-lure combinations varied between sex pheromone-treated and untreated orchards. Total moth catch did not differ between the clear trap baited with pear ester plus acetic acid and the orange trap baited with the Combo lure in sex pheromone-treated orchards. In contrast, total moth catch was more than 2-fold higher in the orange than the clear trap in untreated orchards (Table 4) . Both male and female moth catch differed signiÞcantly between the two trap-lure combinations in both orchard types. The clear trap caught 6-fold more females than the orange trap in both types of orchards. The proportions of females were Ͼ0.40 and Ͻ0.10 in the clear and orange trap in both types of orchards, respectively (Table 4) .
Moth catches in both lure-trap types showed two moth ßights of codling moth during 2009. The phenology of total and female moth catches was similar in sex pheromone-treated (Fig. 3) and untreated orchards (Fig. 4) with peaks in catches occurring during weeks 5Ð7 and 12Ð15. Consistent moth catches began the third week of the study in both orchard types (Figs. 3a and 4a) . Total moth catches in sex pheromone-treated orchards during weeks 3 and 4 were signiÞcantly lower in the clear than in the orange traps, F 1, 11 ϭ 10.04, P Ͻ 0.01. Cumulative total moth catch was also somewhat lower in the clear than orange trap in sex pheromone-treated orchards during the beginning of the second moth ßight, weeks 9 Ð12, F 1, 22 ϭ 4.51, P Ͻ 0.05. The Þrst female codling moths were caught during week 3, and counts increased rapidly over the next 2 wk in both orchard types (Figs.  3b and 4b) . Clear traps continued to catch female moths during every week of the season, but low female catches were recorded during weeks 9 Ð12. Orange traps baited with the Combo lure failed to catch any female moths in sex pheromone-treated orchards during weeks 1Ð3, 10 Ð12, 17, and 19; and similarly in untreated orchards during weeks 1Ð2, 7, 9, 12, and 17Ð19. Levels of fruit injury from codling moth in mid-September were Ͼ1.0% in all but two orchards. The mean (SE) percentages of fruit injury were 12.9 (5.2) and 20.1 (13.0) in the sex pheromone-treated and untreated orchards, respectively. The proportions of clear delta traps baited with pear ester plus acetic acid catching at least one or two female moths were high throughout the season (Fig.  5 ). All traps catching Ն6 moths caught at least one female. The proportion of traps catching at least two female moths reached a plateau of nearly 0.9 in traps with Ն6 moths. In contrast, the proportion of orange traps baited with the Combo lure catching 4 Ð 6 moths with one female was Ͻ0.40 and increased to only 0.50 with moth catches from 30 to 50 moths per week and only 0.30 with two females.
Discussion
Accurate knowledge of the population dynamics of female codling moth within orchards would be a useful and direct approach to predict the seasonal periods of oviposition and the potential risk of fruit injury (Light et al. 2001) . Early methods that were available to monitor female codling moth, such as bait and light traps, had serious limitations associated with their use, such as high cost, nonselectivity, and the difÞculty of servicing (Geier 1960) . Not surprisingly, the development of inexpensive and effective codlemone-baited traps, although they only caught male moths, largely replaced these methods (Vickers and Rothschild 1991) . A clear oil-coated vertical trap is a more recent design that has proven to be an effective tool to monitor female codling moth (Knight 2000 ). Yet, these traps require frequent replacement and are cumbersome to service. A clear delta trap that caught numbers of female moths that were similar in magnitude to numbers caught on the vertical pane traps was an important discovery that allows populations to be more easily monitored (Knight 2010) . Data reported in this work show that clear delta traps baited with pear ester and acetic acid lures may allow female moth-based management programs for codling moth to be more fully implemented in sex pheromonetreated orchards. However, further studies are needed to deÞne the optimal emission rates of both acetic acid and pear ester to construct an effective long-lasting combined lure.
Effective monitoring of adult codling moth in sex pheromone-treated orchards is critical because of the important role of moth density in the success of this approach and the potential for undetected moth immigration into treated orchards (Cardé and Minks 1995) . The apple industry has little acceptance for fruit injury by codling moth, and this pest is typically managed at low densities. Thus, growers need sensitive traps and reliable thresholds that can minimize the occurrence of false negatives (i.e., fruit injury in the absence of moth catch). The use of pear ester alone or in combination with codlemone has been more closely correlated with local levels of fruit injury Light 2005a, Alston and Murray 2009) . In addition, the Combo lure has been widely adopted by growers because of its ability to catch more moths than standard codlemone lures (Knight et al. 2005) . Action thresholds based on male, female, and total moth catches in codlemone-pear ester-, and codlemone plus pear ester-baited traps have been suggested for sex pheromone-treated orchards (Gut and Brunner 1996 , Knight and Light 2005a , Alston and Murray 2009 ). Yet, growersÕ practices in monitoring codling moth vary widely in Washington State, i.e., white, red, and orange delta traps as well as other trap types and the use of several lures. Not unexpectedly, growers use Switching to the clear delta trap baited with pear ester plus acetic acid lures will likely affect the monitoring approach used by growers to manage codling moth. Data collected from sex pheromone-treated orchards suggest that action thresholds developed for total moth catch previously adopted by growers using the Combo lure may not have to be changed. However, the clear trap baited with pear ester plus acetic acid lures is much more sensitive for female moths (6-fold), and the previous action thresholds (one to two females) developed for the Combo lure may have to be adjusted (Knight and Light 2005a) . Nevertheless, further assessment of this trap and lure combination is needed in orchards with lower pest densities (Ͻ1.0% fruit injury) and clean orchards that are at risk from female moth immigration from surrounding unmanaged sources.
One of the major difÞculties encountered while promoting the adoption of the pear ester lure was growersÕ reluctance to sex moths. For growers using the Combo lure, this was understandable, as often traps with Ͼ20 moths did not have a single female. In contrast, all clear traps in sex pheromone-treated orchards baited with pear ester plus acetic acid lures with six or more moths caught at least one female, and a high proportion caught two females (Fig. 5) . Thus, moths would only have to be sexed in traps that caught Ͻ6 moths to check whether the female threshold had actually been reached (Knight and Light 2005a) .
Adoption of clear traps baited with pear ester plus acetic acid lures may also beneÞt the prediction of codling mothÕs egg hatch and timing of insecticide sprays. The concept of using the start of male moth catch in codlemone-baited traps as a biological reference point (BioÞx) to predict the start of egg hatch has been widely adopted in tree fruit pest management (Riedl et al. 1976 ). However, abandonment of this approach because of concerns about the variable methods and difÞculties in deÞning BioÞx in Maryland orchards has occurred (Jones et al. 2008) . Timing the start of egg hatch based on the sustained start of female moth catches in pear ester-baited traps reduced the variability inherent in initiating the model with male catches (Knight and Light 2005b) . However, this approach was not widely adopted as a result of the typical low catch of female moths in most commercial orchards. The much higher female moth catches in clear traps baited with pear ester plus acetic acid lures could enhance the use of this approach. 
